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E-mail address: frank.bremmer@physik.uni-marbuSpatial perception is modulated by eye movements. During smooth pursuit, perceived locations are
shifted in the direction of the eye movement. During active ﬁxation, visual space is perceptually com-
pressed towards the fovea. In our present study, we were interested to determine the time course of
spatial localization during pursuit initiation, i.e. the transition period from ﬁxation to steady-state
pursuit. Human observers had to localize brieﬂy ﬂashed targets around the time of pursuit initiation.
Our data clearly show that pursuit-like mislocalization starts well before the onset of the eye move-
ment. Our results point towards corollary-discharge as neural source for the observed perceptual
effect.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Localization of targets in the environment is of ultimate impor-
tance in everyday life. Eye movements challenge this task because
they continuously induce a shift of the retinal image of the outside
world. Nevertheless we perceive the world as being stable. Differ-
ent from introspection, however, visual stability is not perfect. In
recent years, many studies have demonstrated spatial mislocaliza-
tion of stimuli ﬂashed during eye movements. During saccades
localization errors follow a characteristic spatio-temporal pattern,
which heavily depends on experimental conditions. In complete
darkness, transient stimuli are mislocalized in the direction of
the eye movement from about 100 ms before the eyes start to
move (shift) (Cai, Pouget, Schlag-Rey, & Schlag, 1997; Honda,
1989). The maximum shift is observed around saccade onset.
Mislocalization is then inverted and stimuli are perceived as being
shifted opposite to the saccade direction for up to 100 ms. In con-
trast, when visual references are available, the mislocalization
strongly depends on the position of the target relative to the sac-
cade goal and stimuli are perceptually shifted towards the landing
point of the eye. This results in a perceptual compression of visual
space (Kaiser & Lappe, 2004; Lappe, Awater, & Krekelberg, 2000;
Ross, Morrone, & Burr, 1997).
During smooth pursuit brieﬂy ﬂashed stimuli are mislocalized
in the direction of the eye movement. The magnitude of the error
depends on the position of the target relative to the fovea (Koenigs
& Bremmer, 2010; van Beers, Wolpert, & Haggard, 2001). The error
is largest in the hemiﬁeld the eye is heading for and it is smallest inll rights reserved.
ics, Philipps-Universität Mar-
y. Fax: +49 6421 28 24168.
rg.de (F. Bremmer).the opposite hemiﬁeld. Optokinetic nystagmus (OKN) is a reﬂexive
eye movement consisting of an alternating pattern of slow and fast
phases. Fast phases share functional properties with saccades
(Kaminiarz, Konigs, & Bremmer, 2009), while the slow phases are
considered smooth eye movements like pursuit (Carpenter,
1988). During the slow phase of OKN, brieﬂy ﬂashed targets are
spatially mislocalized. Different from pursuit, however, the mislo-
calization is rather constant across the visual ﬁeld (Kaminiarz, Kre-
kelberg, & Bremmer, 2007; Tozzi, Morrone, & Burr, 2007).
Interestingly, stimuli are also mislocalized during the slow phase
of the optokinetic after-nystagmus (OKAN). OKAN is also a reﬂex-
ive eye movement and is induced by prolonged performance of
OKN. The error pattern observed during OKAN, however, is differ-
ent from the one observed during OKN or pursuit (Kaminiarz, Kre-
kelberg, & Bremmer, 2008). In both hemiﬁelds, stimulus locations
are perceived more eccentric than they are, resulting in a percep-
tual expansion of space. Two issues are important to notice: ﬁrstly,
OKAN is a so-called open-loop eye movement, i.e. the eyes move
without a driving visual signal. Secondly, OKAN is driven by sub-
cortical rather than cortical oculomotor structures (Konen, Kleiser,
Seitz, & Bremmer, 2005).
Fixation is considered to be a distinctive class of eye movements
(Carpenter, 1988). Interestingly, even during ﬁxation localization is
not veridical. Like for saccades, the exact experimental conditions
strongly inﬂuence the perceptual error pattern during ﬁxation. In
complete darkness, perceived locations are more eccentric than
they are. During active ﬁxation of a target, however, perceived
stimulus locations are shifted towards the fovea resulting in a glo-
bal compression of space (Kaminiarz et al., 2007; Mateeff & Goure-
vich, 1983; Sheth & Shimojo, 2001).
Pursuit initiation is a transition from active ﬁxation to active
tracking of a target. Perceptually, ﬁxation of a target induces a
compression of space while pursuit induces a shift in the direction
Fig. 1. Scheme of the experimental paradigm. (A) A ﬁxation period of 1000–
1100 ms precedes pursuit target movement onset. (B) The target is displaced by 2–
2.2 into the periphery and starts to move in the opposite direction at 10/s for
3000 ms. (C) The localization target is ﬂashed at 700–1800 ms after ﬁxation start,
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relative to eye-movement onset, the spatial perception shifts from
ﬁxation-like to pursuit-like. In addition, clarifying the time course
of mislocalization during pursuit (onset) might also allow narrow-
ing down its possible neural basis.
Pursuit-initiation, like OKAN, is an open-loop eye movement.
Unlike steady-state pursuit, the pursuit target is not placed in or
around the fovea during this short period of time. Different from
OKAN, however, pursuit and its initiation are under cortical control
(Ilg, 1997, 2003; Komatsu & Wurtz, 1989; Konen et al., 2005;
Lynch, 1987). Accordingly, a second question was addressed in
our study, i.e. whether the spatial perception during pursuit initi-
ation would be similar to the one observed during steady-state
pursuit or during OKAN. We therefore asked human observers to
localize visual targets that were brieﬂy ﬂashed around the time
of pursuit initiation. Results clearly indicate a pursuit-like percep-
tual error. Interestingly, this mislocalization starts well before the
onset of the eye movement.i.e. 400 ms before to 700 ms after pursuit target movement onset. (D) The decision
period lasts until the subject’s response is entered. (E) The presentation of an anti-
adaptation stimulus prevents darkness adaptation and gives time for blinks. The
next trial starts when the subject signals readiness by pressing a key.2. Materials and methods
2.1. Behavioral paradigm
Six healthy adults, (three male, three female), aged 22–27 with
normal or corrected to normal vision, participated in this study.
Four of the subjects were naïve as to the purpose of the experi-
ment with one having previous experience with psychophysical
experiments. Two of the subjects are authors (L.H. and M.B.). Each
subject gave informed written consent prior to the experiment.
All procedures used in this study conformed to the Declaration
of Helsinki.
Experiments were carried out in complete darkness. Computer
generated stimuli were projected onto a large tangent screen by
means of a CRT projector (Marquee 8000, Electrohome Inc.) run-
ning at a spatial resolution of 1152 by 864 pixels and a frame rate
of 100 Hz. The screen was viewed binocularly at a distance of
114 cm, spanning 70 by 55 viewing angle. The subjects’ head
was supported by a chin rest. Eye position was sampled at
500 Hz using an infrared eye tracker (Eye Link 2, SR Research).
Prior to each session the system was calibrated via a 3 by 3 target
matrix. Drift correction was performed ofﬂine based on the ﬁxation
position at the beginning of a trial. Eye movement and behavioral
data were stored on hard disk for ofﬂine analysis.
To induce smooth pursuit eye movements without catch-up
saccades we employed the Rashbass paradigm (Rashbass,
1961). In this paradigm the pursuit target is initially at rest be-
fore stepping into the periphery. There it immediately starts to
move at a constant velocity in the opposite direction, i.e. centrip-
etally. In this study, the initial static presentation lasted ran-
domly between 1000 and 1100 ms. The target then stepped
horizontally into the periphery (2 or 2.2, depending on the
subject, see below) and started to move centripetally at 10/s
(see Fig. 1). Depending on the initial step the target crossed
the starting point after 200 ms or 220 ms and continued its
movement for another 2800 (2780) ms. The pursuit target was
a dot of light (12 cd/m2) with a Gaussian luminance proﬁle
(r = 0.3). A localization target (size: [x, y] = [0.25, 2]) was
ﬂashed for 10 ms at one of four possible positions ([x, y] = (5,
3), (5, 3), (5, 3) or (5, 3)) relative to the pursuit tar-
get. The time of ﬂash presentation was varied randomly between
400 ms before and 800 ms after onset of the pursuit target
movement. During the whole trial two sets of vertical reference
bars were presented: one above and one below the horizontal
meridian, i.e. the pursuit trajectory. Each set of reference bars
were two narrow lines, extending 5 outward from a startingpoint 5 above or below the pursuit trajectory. The horizontal
position of theses reference bars was such that one set of bars
had a horizontal offset to the localization target of ±3, ±1.25,
±1, ±0.75, ±0.5 or ±0.17 (reference bar). The other set of bars
mirrored the ﬁrst set with respect to the pursuit target and
served as a decoy, preventing anticipation of pursuit direction
and localization target position. At the end of each trial the sub-
jects had to indicate in which of three parts of the screen they
had perceived the target: left from the leftmost bars (left), in be-
tween the bars (central), or right from the rightmost bars (right).
This response was delivered via a standard PC keyboard using
numbers 4, 5 or 6 for indicating left, central or right. The deliv-
ered answer was translated into a binary answer (left, right)
with respect to the actual reference bar, ignoring the decoy ref-
erence. The trial ended when the subject hit the return key for
conﬁrming the response. Between trials a bright screen was
shown to prevent dark adaptation of our subjects. The illumina-
tion proﬁle of this anti-adaption screen was deﬁned by a differ-
ence of Gaussians having a dark center surrounded by a brighter
ring which in turn was surrounded by darkness. This screen
stayed on until the subject signaled readiness for the next trial
by pressing a key.
Baseline trials were performed since ﬁxation of a target without
background reference is known to induce a subjective compression
of space (Kaminiarz et al., 2007). To map each subject’s perception
of space during ﬁxation a baseline paradigm was presented which
was equal to the main experiment except that the ‘‘pursuit target”
never moved.
The central goal of our study critically required pursuit initia-
tion without catch-up or intermittent saccades. Accordingly, sub-
jects were tested for this oculomotor ability prior to the main
experiment. This pre-screening also allowed us to determine on
an individual basis the spatial offset of the initial target step for
the Rashbass paradigm. Only subjects who were able to initiate
pursuit without catch-up saccade and who were able to perform
stable pursuit without saccading to the ﬂashed target in at least
50% of the trials were admitted to the main experiment. Subjects
admitted to the main experiment were trained with three more
sessions under full main experiment conditions before data were
included in the analysis.
Experimental sessions lasted between 10 and 15 min depending
on the subject. Subjects themselves determined when to take a
break to maintain their ability to concentrate, which they usually
did after three or four sessions.
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Data was analyzed using MATLAB 2007b (The MathWorks, Inc.,
Natick, Massachusetts) and R (The R Project for Statistical Com-
puting). Eye position data for all trials was analyzed ofﬂine. Trials
were automatically excluded from further analysis if blinks or
saccades occurred during a predeﬁned temporal window. This
window lasted from 250 ms before pursuit onset or 200 ms before
ﬂash presentation (whichever was earlier) until 350 ms after
pursuit onset or 100 ms after ﬂash presentation (whichever was
later). Eye velocity was derived from unﬁltered eye position data
by discrete differentiation of the raw data set which had been
sampled at 500 Hz. Saccades were detected using a ﬂexible veloc-
ity criterion. Mean horizontal eye velocity was calculated for a
40 ms time window (vmean). Whenever eye velocity deviated from
vmean (calculated for the preceding 40 ms) by more than 12/s for
at least two consecutive samples a saccade onset was detected.
Saccade offset was detected when eye-velocity dropped below
the same threshold for at least two consecutive samples (see
Fig. 2).
For successful trials, pursuit onset was calculated using a linear
regression method similar to the method used by Schutz and col-
leagues (Schutz, Braun, & Gegenfurtner, 2007). First, eye velocity
data was ﬁltered using a second-order Butterworth ﬁlter with a
cut-off frequency of 20 Hz. We then computed a linear regression
of the initial ramp of the eye velocity. The regression function with
the steepest slope was calculated iteratively. To this end, we varied
the size (100–200 ms)and theoffset (between0 msand400 msafter
pursuit target movement onset) of the regression window. With
these parameters we achieved a highly reliable automatic ﬁt. The
root of the calculated regression was deﬁned as pursuit onset.
For any given time bin, the proportion of ‘‘right” and ‘‘left” an-
swers was calculated for each of the six possible distances between
pursuit target and localization target. This allowed the ﬁtting of a
psychometric function using a cumulative Gaussian. Parameters
for this ﬁt were based on maximum likelihood estimation (MLH)
and were optimized using a Newton-type algorithm (Dennis &
Schnabel, 1983). The 50% point of the psychometric function de-
ﬁned the point of subjective equivalence (PSE). The distance from
the PSE to the real stimulus location deﬁned the localization error
for any given time bin. If not stated otherwise, bins were 50 ms
wide. Consecutive bins were shifted by 10 ms each. We applied aFig. 2. Eye velocity signals from a single trial. (A) Raw eye-velocity trace from a single tr
pursuit target. In this trial a saccade occurred at about 400 ms after trial onset. (B) Same
400 ms marked in red) before data was ﬁltered with a second-order Butterworth ﬁlter (2
black. For details see Section 2.bootstrapping procedure to estimate the signiﬁcance of the locali-
zation error. Error bars or gray shaded areas around the mean
shown in all ﬁgures deﬁne 95% conﬁdence intervals.3. Results
3.1. Spatial localization during ﬁxation
Previous studies have shown that spatial perception of brieﬂy
ﬂashed targets critically depends on the exact experimental condi-
tion. More speciﬁcally, localization is inﬂuenced by oculomotor
behavior and lighting conditions. For the stationary eye, perceived
locations are shifted towards the fovea during active ﬁxation and
are shifted away from the fovea in otherwise darkness (Kaminiarz
et al., 2007). Saccades performed in darkness induce a global shift
of perceived locations in the direction of the eye movement (Cai
et al., 1997; Klingenhoefer & Bremmer, 2009; Teichert, Klingenhoe-
fer, Wachtler, & Bremmer, 2010). Saccades in ambient light induce
a perceptual compression of space (Lappe et al., 2000; Ross et al.,
1997). Finally, slow eye movements induce perceptual shifts in
the direction of this eye movement. The exact spatial error pattern,
however, depends on whether this slow eye movement is smooth
pursuit or optokinetic nystagmus (Kaminiarz et al., 2007; Koenigs
& Bremmer, 2010; van Beers et al., 2001). Accordingly, in a ﬁrst
step we measured the spatial perception of our subjects in an ac-
tive ﬁxation task in order to determine a perceptual baseline for
our further experimental paradigms. The spatial and temporal lay-
out was identical to the main experiment (see below), except for
the gaze target which did not move in this ﬁrst task.
Fig. 3 shows the results for all six subjects for localizing a
ﬂashed target during ﬁxation. The target was presented at 5
eccentricity in the left and the right visual ﬁeld. In eight of the
twelve cases, perceived locations differed signiﬁcantly from verid-
ical perception (p < 0.05, as inferred from 95% conﬁdence inter-
vals). The observed error pattern, however, was heterogeneous
across the population. In all cases, mean error was comparably
small and less than 1% of target eccentricity. In our further analyses
these data served on an individual basis as reference for spatial
perception during pursuit, i.e. mislocalization during ﬁxation was
subtracted from the mislocalization observed during pursuit for
all pursuit data presented in this study.ial. The blue line shows the eye velocity, the black line represents the velocity of the
data as in ‘A’ after preprocessing. Saccade detection was applied (saccade at about
0 Hz cut-off frequency). Linear regression for detection of pursuit onset is shown in
Fig. 3. Spatial perception during ﬁxation. The individual bars indicate the percep-
tual error (and 95% conﬁdence intervals) of all subjects for localizing stimuli ﬂashed
at ± 5 eccentricity during central ﬁxation. In three of the six subjects (1, 3, and 4)
perceived locations were shifted centripetally (statistically signiﬁcant in 5 of the six
conditions) as reported previously (Kaminiarz et al., 2007). For the other three
subjects, perceived locations were shifted either leftward (subject 5, statistically
signiﬁcant in one of two conditions) or outward (subjects 2 and 5, statistically
signiﬁcant in two of four conditions).
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For the perceptual task it was critical that subjects initiated
their pursuit without intermittent saccades. To this end the initial
centrifugal target step was individualized to the subjects’ need and
ranged from 2.0 to 2.2. This resulted in saccade free pursuit initi-
ation in more than 50% of the trials in our group of subjects (n = 6).
Only those trails were considered for further analysis. A represen-
tative example for pursuit performance of an individual subject is
shown in Fig. 4. It becomes very obvious that pursuit initiation was
free of saccades in all cases. In addition, steady-state pursuit, in
which eye-velocity closely matches target velocity, was reached
about 200 ms after eye-movement onset. The gain of the steady-
state pursuit as measured between 250 ms and 500 ms afterFig. 4. Eye position and eye velocity data around smooth pursuit onset. Blue traces
refer to eye and target position while black traces refer to eye and target velocity.
Dashed lines refer to the motion of the target whereas solid lines refer to motion of
the eye. Bold lines (black and blue) indicate the mean eye position (blue) and eye
velocity (black) as determined from 1% of the trials chosen randomly from the full
sample. The light lines (black and blue) show these individual data sets.pursuit-onset was 0.97 ± 0.12 (mean ± std). This result from an
individual subject was representative for the population.
3.3. Spatial localization around pursuit onset
In a ﬁrst step of our data analysis we determined the subjects’
spatial localization in each of the four behavioral conditions (pur-
suit direction: leftward vs. rightward; ﬂash position: left vs. right)
separately. Fig. 5 shows data from a representative subject for
these four conditions. In all cases, localization error is shown rela-
tive to pursuit onset. Data are corrected on an individual basis for
each subject’s perceptual error during ﬁxation, i.e. data are base-
line-corrected. In all cases pursuit induced a perceptual error in
target localization. Interestingly, this mislocalization started well
before the onset of the eye movement in all four conditions. For
the contraversive conditions (depicted in panels A and D), mislo-
calization became statistically signiﬁcant 80 ms and 40 ms before
pursuit onset, respectively. For the ipsiversive conditions the
mislocalization was statistically signiﬁcant either for the entire
time of our measurement (panel B) or started 200 ms before eye-
movement onset (panel C). In the contraversive conditions, the
perceptual error long before pursuit onset was zero. In the ipsiver-
sive conditions, however, this was not the case. Instead, there was
a slight shift in the direction of the upcoming pursuit eye move-
ment. We quantiﬁed this mislocalization prior to pursuit onset in
a time interval of Dt = [450 ms, 250 ms] and obtained a shift
of 0.28 ([0.04, 0.51], 95%-conﬁdence interval (CI)) for rightward
pursuit (panel B) and 0.22 ([0.42, 0.001], 95%-CI) for left-
ward pursuit (panel C), respectively. In the two contraversive con-
ditions the error declined after reaching the error peak while
localization error rather stayed constant in the two ipsiversive con-
ditions. Also the error levels differed between the two conditions.
Peak error was 0.63 (rightward pursuit) and 0.47 (leftward pur-
suit) in the two contraversive conditions, while it was 1.43 (right-
ward pursuit) and 0.94 (leftward pursuit) in the two ipsiversive
conditions.
Fig. 6 shows the results for the four experimental conditions for
the whole group of subjects (n = 6). In the contraversive conditions
(panels A and D), the perceptual error long before pursuit onset
was zero. Like for the single subject, this was not the case in the
ipsiversive conditions (panels B and C). Here, localization was
shifted in the direction of the upcoming pursuit eye movement:
0.33 ([0.23, 0.42], 95%-CI) for rightward pursuit and 0.17
([0.29, 0.04], 95%-CI) for leftward pursuit, respectively. In
the two contraversive conditions, spatial perception started to be
different from the initial value 250 ms (rightward pursuit, A) and
200 ms (leftward pursuit, D) prior to pursuit onset. This was
approximately the time when the target started to move. For the
ipsiversive conditions (panels B and C), localization was signiﬁ-
cantly different from baseline for the whole temporal interval
tested in our experiment as indicated by the conﬁdence intervals
around the mean. Like for the single subject, there was a tendency
for the error to decline in the contraversive (A, D) but not in the
ipsiversive (B, C) conditions. Maximum error was 0.73 (rightward
pursuit, A) and 0.91 (leftward pursuit, D) in the contraversive
conditions and 1.15 (rightward pursuit, B) and 0.87 (leftward
pursuit, C) in the ipsiversive conditions.
Previous studies had found differences in spatial localization for
the conditions where the pursuit was directed away from (contra-
versive) or towards the ﬂashed target (Koenigs & Bremmer, 2010;
Mateeff, Yakimoff, & Dimitrov, 1981; van Beers et al., 2001). Typi-
cally, these studies had used only one pursuit direction. In order to
make data sets comparable across studies, we collapsed data for
pursuit to the left and to the right for our further analyses. Accord-
ingly, we now only distinguish between ipsi- and contraversive
conditions, as shown in Fig. 7. The two panels show the results
Fig. 5. Localization error relative to smooth pursuit onset: single subject. The panels in the upper row (A and B) show results for rightward pursuit. The panels in the bottom
row (C and D) show results for leftward pursuit. Panels in the left column (A and C) show localization error for ﬂashes being presented 5 left from the pursuit target. Panels in
the right columns summarize localization error for ﬂashes being presented 5 right from the fovea. Panels A and D show data where the pursuit target moved away from the
ﬂash (contraversive). Panels B and C summarize data where the pursuit target moved towards the ﬂash (ipsiversive). In all cases, gray shaded areas around the mean indicate
the 95%-conﬁdence intervals.
Fig. 6. Localization error relative to smooth pursuit onset: population. The panels show the results for the population of subjects. Conventions as in Fig. 5.
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started to rapidly increase well before eye-movement onset in both
conditions. This increase of error started from zero in the contra-versive condition. In the ipsiversive condition, however, the base-
line-corrected localization error was non-zero in a temporal
interval from 400 ms to 200 ms before eye-movement onset. In
Fig. 7. Localization error relative to smooth pursuit onset. Data as shown in Fig. 6
are collapsed into contraversive (left panel) and ipsiversive (right panel). Data as
shown in panels 6A and 6D have been merged into contraversive, while data as
shown in panels 6B and 6C have been merged into ipsiversive. Conventions as in
Fig. 5.
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shortly (within 100 ms) after eye-movement onset and declined
thereafter. In the ipsiversive condition the mislocalization stayed
almost at a constant level from about 100 ms after eye-movement
onset.
The peak error in the ipsiversive condition was larger (1.00)
than in the contraversive condition (0.78). Yet, the baseline levels
long before pursuit onset also were different in the two conditions.
Hence, the question arises whether or not the net pursuit induced
localization error differs in the two conditions. In order to answer
this question, we ﬁrst determined mislocalization in a base-time
window, i.e. the interval from 450 ms to 250 ms before pursuit on-
set (Dt = [450 ms, 250 ms]). This localization error was sub-
tracted from the mislocalization calculated for a peak-time
window ranging from 50 ms to 250 ms after pursuit onset
(Dt = [50 ms, 250 ms]). For the contraversive condition this yielded
an average base-error of 0.04 ([0.09, 0.02], 95%-conﬁdence
interval (CI)), an average peak-error of 0.74 ([0.68, 0.80], 95%-
CI) and hence a net increase of mislocalization of 0.78 ([0.70,
0.84], 95%-CI). For the ipsiversive condition the average base-error
was 0.22 ([0.18, 0.28], 95%-CI) and the average peak-error was
0.87 ([0.80, 0.92], 95%-CI). This yielded a net increase of 0.65
([0.56, 0.69], 95%-CI). So even though the average-peak value of
mislocalization in the ipsiversive condition was slightly (yet not
signiﬁcantly) larger than in the contraversive condition, the net in-
crease was actually signiﬁcantly larger in the contraversive as
compared to the ipsiversive condition (p < 0.05, inferred from con-
ﬁdence intervals).4. Discussion
Previous studies have shown errors in spatial localization dur-
ing smooth pursuit eye movements (Kerzel, Aivar, Ziegler, & Bren-
ner, 2006; Koenigs & Bremmer, 2010; Mateeff et al., 1981; van
Beers et al., 2001). In these experiments spatial perception had
been determined during steady-state pursuit. Other studies have
tested spatial perception during active ﬁxation (Kaminiarz et al.,
2007; Mateeff & Gourevich, 1983). The error pattern during ﬁxa-
tion and pursuit as found in these studies differed dramatically.
In our present study, we hence were interested to determine the
time course of spatial localization during pursuit initiation, i.e.
the transition period from ﬁxation to steady-state pursuit.Our data clearly show that the pursuit related mislocalization
starts well before the onset of the eye movement. For our group
of subjects the perceptual error started to increase from a baseline
level about 200 ms before the onset of the eye movement. Maxi-
mum mislocalization was reached about 100 ms after pursuit on-
set. A perceptual effect, which precedes the onset of the smooth
pursuit eye movement, is in line with previous results on visual
perception around pursuit onset. Schütz and colleagues have
investigated perceptual thresholds of isoluminant colored targets
during pursuit initiation (Schutz, Braun, Kerzel, & Gegenfurtner,
2008). Chromatic sensitivity during smooth pursuit was enhanced.
In accordance with our present results, this enhancement of sensi-
tivity occurred well before pursuit onset, i.e. with the eyes being
still at rest. Therefore, the observed perceptual effects in our study
as well as in the study by Schütz and colleagues cannot (solely) be
caused by visual stimulation. A contribution of the target move-
ment per se on localization error cannot be fully excluded. Previous
studies had shown that background movement during steady ﬁxa-
tion induced a slight mislocalization in the direction of the back-
ground motion (Kaminiarz et al., 2007). Yet, the observed error
was only in the order of 20% of the error as observed during opto-
kinetic nystagmus. In our case, the pursuit target was minimal as
compared to the large background motion used by Kaminiarz
and colleagues. We conclude that the target movement itself has
only minimal inﬂuence on localization. Instead, we assume that
the observed effects are induced (at least in part) by a corollary dis-
charge or efference copy of the neural signal driving the upcoming
eye movement.
A detailed analysis of our localization data revealed a depen-
dency of the perceptual error on the spatial relationship between
target location and pursuit direction. In our experiment, two main
cases could be dissociated: in the one case the target moved away
from the ﬂash position (contraversive) while in the other the target
moved towards the ﬂash position (ipsiversive). This spatial rela-
tionship modulated: (i) the baseline level of the perceptual error,
(ii) the peak value of mislocalization, and (iii) the temporal devel-
opment of perceptual error after its peak.
Spatial perception during ﬁxation often is not veridical and
heavily depends on the exact experimental conditions (Kaminiarz
et al., 2008; Mateeff & Gourevich, 1983; Sheth & Shimojo, 2001).
Also previous motor performance inﬂuences spatial perception.
In a recent study, Zimmermann and Lappe showed that subjects
mislocalized visual targets during ﬁxation trials interspersed into
saccadic adaptation (Zimmermann & Lappe, 2010).
The goal of our present study was to determine the effect of
pursuit onset on visual localization. Hence, in addition to localiza-
tion during pursuit initiation, we tested also the spatial perception
of our subjects during ﬁxation. These ﬁxation data served as a ref-
erence and spatial perception during pursuit initiation was cor-
rected for these baseline values on a subject by subject basis.
Visual stimulation was identical in ﬁxation and pursuit trials prior
to movement onset of the pursuit target. Due to the individual pur-
suit onset latencies, this corresponds to a temporal window from
t = 450 ms to t = 200 ms before eye-movement onset. In the
contraversive conditions (panels A and D of Fig. 6), the localization
of ﬂashes presented before pursuit–target–movement–onset did
not differ from baseline in this time interval. In one of ipsiversive
conditions (pursuit to the left, target in the right visual ﬁeld, panel
C of Fig. 6) this was also the case. In the remaining ipsiversive con-
dition (pursuit to the right, target in the left visual ﬁeld, panel B of
Fig. 6), however, localization before target movement-onset was
different from baseline. Spatial perception was shifted in the direc-
tion of the upcoming pursuit. This perceptual asymmetry during
leftward and rightward pursuit was unexpected and is not explain-
able by the experimental conditions. Reports on similar asymme-
tries related to pursuit are rare (Knox, Davidson, & Anderson,
2720 M. Blanke et al. / Vision Research 50 (2010) 2714–27202005). Further experiments are therefore necessary to achieve a
better understanding of the difference between spatial perception
during leftward and rightward pursuit.
The peak of mislocalization was reached about 100 ms after
eye-movement onset for ipsiversive and contraversive trials. The
peak value, however, was larger in the ipsiversive than in the con-
traversive condition. Also the temporal development of perceptual
error after the initial peak differed in the two conditions. In the
contraversive case, the error started to decline after the peak. In
the ipsiversive case, the perceptual error remained almost con-
stant. This dichotomy of perceptual error is in accordance with pre-
vious results which have shown an asymmetry of mislocalization
between visual hemiﬁelds (Koenigs & Bremmer, 2010; van Beers
et al., 2001). In these studies, however, target presentation oc-
curred during steady-state pursuit. We conclude from our current
study that this steady state level of spatial perception during
smooth pursuit is achieved no earlier than 400 ms after the onset
of the eye movement.
The neural basis of the hemiﬁeld-asymmetry of spatial localiza-
tion during smooth pursuit eye movements is still unknown.
Although the ﬂashed target was behaviorally relevant, it might
be considered a spatial distractor as compared to the pursuit tar-
get. Distractors are known to shift spatial attention. Physiological
(Ganguli et al., 2008) as well as psychophysical (Adam, Davelaar,
van der Gouw, & Willems, 2008) studies have shown that brieﬂy
presented distractors diminish spatial perception in a certain tem-
poral and spatial window. Furthermore, spatial attention is known
to modulate the structure of visual receptive ﬁelds (Ben Hamed,
Duhamel, Bremmer, & Graf, 2002; Womelsdorf, Anton-Erxleben,
Pieper, & Treue, 2006; Womelsdorf, Anton-Erxleben, & Treue,
2008) by shifting the RFs’ center of mass towards the attended
location. Accordingly, the presentation of the ﬂashed target proba-
bly induces an attentional shift towards it. This, in turn, might shift
spatial perception towards the ﬂash. Hence, in the ipsiversive case,
this attentional shift would induce a perceptual shift in the direc-
tion of the pursuit thereby adding to the pursuit induced mislocal-
ization. In the contraversive case, this shift would be in the
opposite direction thereby reducing the pursuit induced shift. In
summary, attentional effects could explain the hemiﬁeld-asymme-
try in spatial perception during pursuit.
Acknowledgment
Supported by Deutsche Forschungsgemeinschaft (DFG-FOR-
560) and EU (MEMORY).
References
Adam, J. J., Davelaar, E. J., van der Gouw, A., & Willems, P. (2008). Evidence for
attentional processing in spatial localization. Psychological Research, 72,
433–442.
Ben Hamed, S., Duhamel, J. R., Bremmer, F., & Graf, W. (2002). Visual receptive ﬁeld
modulation in the lateral intraparietal area during attentive ﬁxation and free
gaze. Cerebral Cortex, 12, 234–245.
Cai, R. H., Pouget, A., Schlag-Rey, M., & Schlag, J. (1997). Perceived geometrical
relationships affected by eye-movement signals. Nature, 386, 601–604.Carpenter, R. H. S. (1988). Movement of the eyes. London: Pion Ltd.
Dennis, J. E., & Schnabel, R. B. (1983). Numerical methods for unconstrained
optimization and nonlinear equations. Englewood Cliffs, NJ: Prentice-Hall.
Ganguli, S., Bisley, J. W., Roitman, J. D., Shadlen, M. N., Goldberg, M. E., & Miller, K. D.
(2008). One-dimensional dynamics of attention and decision making in LIP.
Neuron, 58, 15–25.
Honda, H. (1989). Perceptual localization of visual stimuli ﬂashed during saccades.
Perception and Psychophysics, 45, 162–174.
Ilg, U. J. (1997). Slow eye movements. Progress in Neurobiology, 53, 293–329.
Ilg, U. J. (2003). Visual-tracking neurons in area MST are activated during
anticipatory pursuit eye movements. Neuroreport, 14, 2219–2223.
Kaiser, M., & Lappe, M. (2004). Perisaccadic mislocalization orthogonal to saccade
direction. Neuron, 41, 293–300.
Kaminiarz, A., Konigs, K., & Bremmer, F. (2009). Task inﬂuences on the dynamic
properties of fast eye movements. Journal of Vision, 9, 1–11.
Kaminiarz, A., Krekelberg, B., & Bremmer, F. (2007). Localization of visual targets
during optokinetic eye movements. Vision Research, 47, 869–878.
Kaminiarz, A., Krekelberg, B., & Bremmer, F. (2008). Expansion of visual space
during optokinetic afternystagmus (OKAN). Journal of Neurophysiology, 99,
2470–2478.
Kerzel, D., Aivar, M. P., Ziegler, N. E., & Brenner, E. (2006). Mislocalization of ﬂashes
during smooth pursuit hardly depends on the lighting conditions. Vision
Research, 46, 1145–1154.
Klingenhoefer, S., & Bremmer, F. (2009). Perisaccadic localization of auditory
stimuli. Experimental Brain Research, 198, 411–423.
Knox, P. C., Davidson, J. H., & Anderson, D. (2005). Age-related changes in smooth
pursuit initiation. Experimental Brain Research, 165, 1–7.
Koenigs, K., & Bremmer, F. (2010). Localization of visual and auditory stimuli during
smooth pursuit eye movements. Journal of Vision, 10(8), 1–14.
Komatsu, H., & Wurtz, R. H. (1989). Modulation of pursuit eye movements by
stimulation of cortical areas MT and MST. Journal of Neurophysiology, 62,
31–47.
Konen, C. S., Kleiser, R., Seitz, R. J., & Bremmer, F. (2005). An fMRI study of
optokinetic nystagmus and smooth-pursuit eye movements in humans.
Experimental Brain Research, 165, 203–216.
Lappe, M., Awater, H., & Krekelberg, B. (2000). Postsaccadic visual references
generate presaccadic compression of space. Nature, 403, 892–895.
Lynch, J. C. (1987). Frontal eye ﬁeld lesions in monkeys disrupt visual pursuit.
Experimental Brain Research, 68, 437–441.
Mateeff, S., & Gourevich, A. (1983). Peripheral vision and perceived visual direction.
Biological Cybernetics, 49, 111–118.
Mateeff, S., Yakimoff, N., & Dimitrov, G. (1981). Localization of brief visual stimuli
during pursuit eye movements. Acta Psychologica (Amst.), 48, 133–140.
Rashbass, C. (1961). The relationship between saccadic and smooth tracking eye
movements. Journal of Physiology, 159, 326–338.
Ross, J., Morrone, M. C., & Burr, D. C. (1997). Compression of visual space before
saccades. Nature, 386, 598–601.
Schutz, A. C., Braun, D. I., & Gegenfurtner, K. R. (2007). Contrast sensitivity during
the initiation of smooth pursuit eye movements. Vision Research, 47,
2767–2777.
Schutz, A. C., Braun, D. I., Kerzel, D., & Gegenfurtner, K. R. (2008). Improved visual
sensitivity during smooth pursuit eye movements. Nature Neuroscience, 11,
1211–1216.
Sheth, B. R., & Shimojo, S. (2001). Compression of space in visual memory. Vision
Research, 41, 329–341.
Teichert, T., Klingenhoefer, S., Wachtler, T., & Bremmer, F. (2010). Perisaccadic
mislocalization as optimal percept. Journal of Vision, 10(8), 1–15.
Tozzi, A., Morrone, M. C., & Burr, D. C. (2007). The effect of optokinetic nystagmus on
the perceived position of brieﬂy ﬂashed targets. Vision Research, 47, 861–868.
van Beers, R. J., Wolpert, D. M., & Haggard, P. (2001). Sensorimotor integration
compensates for visual localization errors during smooth pursuit eye
movements. Journal of Neurophysiology, 85, 1914–1922.
Womelsdorf, T., Anton-Erxleben, K., Pieper, F., & Treue, S. (2006). Dynamic shifts of
visual receptive ﬁelds in cortical area MT by spatial attention. Nature
Neuroscience, 9, 1156–1160.
Womelsdorf, T., Anton-Erxleben, K., & Treue, S. (2008). Receptive ﬁeld shift and
shrinkage in macaque middle temporal area through attentional gain
modulation. Journal of Neuroscience, 28, 8934–8944.
Zimmermann, K., & Lappe, M. (2010). Motor signals in visual localization. Journal of
Vision, 10(6), 1–11.
